Objective: There is consistent evidence that alcohol increases the risk of breast cancer. It has been suggested that the increased risk associated with alcohol intake may be reduced by adequate intake of folate. Since many women consume alcohol, detection of a risk-reducing mechanism would have major public health implications. Design: We therefore evaluated the possible interaction between alcohol and folate in a paired nested case-control study among postmenopausal women. Setting: A total of 24 697 postmenopausal women were included in the 'Diet, Cancer and Health' follow-up study between December 1993 and May 1997. The cohort was followed until December 2000. The study included 388 cases of breast cancer and 388 randomly selected controls were used to estimate the breast cancer incidence rate ratio (IRR) in conditional logistic regression analysis. Results: A previously established association between alcohol intake and risk of breast cancer was present mainly among women with low folate intake. An IRR of 1.19 (95% CI: 0.99-1.42) per 10 g average daily alcohol intake was found for women with a daily folate intake below 300 mg, while among women with a folate intake higher than 350 mg, we could not show an association between the alcohol intake and the breast cancer incidence rate (e.g. folate intake 4400 mg; IRR of 1.01 (95% CI: 0.85-1.20)). Conclusion: The findings support the evidence that adequate folate intake may attenuate the risk of breast cancer associated with high alcohol intake.
Introduction
There is consistent evidence that alcohol intake increases the risk of breast cancer (Singletary and Gapstur, 2001; Hamajima et al., 2002) . Whether dietary factors may modify this association is of considerable interest. Recently, it has been suggested that the increased risk associated with alcohol intake may be reduced by adequate intake of folate (Zhang et al., 1999) . Zhang et al. (1999) reported that women consuming more than 15 g/day of alcohol and whose intake of folate was less than 300 mg/day exhibited a significantly higher risk of breast cancer compared with women consuming the same levels of alcohol along with folate intake levels greater than 300 mg/day. A few other prospective studies have provided similar evidence for a modifying effect of folate status on the relationship between alcohol and breast cancer risk (Rohan et al., 2000; Sellers et al., 2001 Sellers et al., , 2002 Jiang et al., 2003; Baglietto et al., 2005) , while one study did not support the hypothesis of an interaction between folate and alcohol intake (Feigelson et al., 2003) . Increased oestrogen and androgen levels in women consuming alcohol appears to be important mechanisms for the increased risk of breast cancer. Other plausible mechanisms include the effect of acetaldehyde, the induction of cytochrome P450 2E1 leading to the generation of reactive oxygen species and the interaction between alcohol and the one carbon metabolism and DNA methylation (Singletary and Gapstur, 2001; Badger et al., 2003; Poschl and Seitz, 2004) .
The primary metabolite of alcohol, acetaldehyde, has been shown to inhibit methionine synthase activity in vitro (Kenyon et al., 1998) . Folate plays a major role in the formation of S-adenosylmethionine, an important methyl group donor. Folate depletion, by low intake in association with high alcohol intake, may therefore lead to abnormal methylation patterns of DNA, including global genomic hypomethylation, which may result from reduced cellular levels of S-adenosylmethionine and can cause activation of some oncogenes (Shivapurkar and Poirier, 1983; Laird and Jaenisch, 1994; Baylin et al., 1998) , as well as methylation of normally unmethylated CpG sites, which usually occur simultaneously (Zingg and Jones, 1997; Robertson and Jones, 2000) . Folate deficiency cause increased DNA methyltransferase (DNA-MTase) activity (Giovannucci et al., 1995; Lopatina et al., 1998) , DNA-MTase activity may subsequently spread and maintain (Baylin et al., 1998) methylation of the usually unmethylated CpG sites, possibly through the disruption of the boundaries that normally protected CpG islands from methylation (Baylin et al., 1998) . These regions of the genome, called CpG islands, are usually associated with gene promoters and remain unmethylated in normal adult tissue, with few exceptions (Vertino et al., 1996) .
When the CpG islands genes are methylated, genes in these altered regions (such as tumour suppressor genes) becomes inactive, possibly leading to tumorogenesis, so these aberrations in DNA may enhance carcinogenesis by altering the expression of tumour suppressor genes and protooncogenes and increased DNA damage (Young-In 1999; Choi and Mason, 2000; Zhu et al., 2003) .
Since many women consume alcohol, detection of a risk-reducing mechanism would have major public health implications. We therefore evaluated the possible interaction between alcohol and folate on the incidence rate of breast cancer among postmenopausal women participating in the Danish prospective cohort study 'Diet, Cancer and health'. These women have a relatively large variation in alcohol intake (Sieri et al., 2002) .
Materials and methods
Between December 1993 and May 1997, a total of 79 729 women were invited to participate in the prospective study 'Diet, Cancer and Health'. We invited all individuals who lived in greater Copenhagen and Aarhus and who fulfilled the following criteria: age between 50 and 64 years, born in Denmark, and not registered with a previous cancer diagnosis in the Danish Cancer Registry (Storm et al., 1997) . Cohort members were identified by a unique, personal identification number, which is allocated to all Danish inhabitants by the Central Population Registry. A total of 29 875 women corresponding to about 37% of the women invited was enrolled into the cohort.
'Diet, Cancer and Health' and the substudy reported here were approved by the regional ethical committees on human studies in Copenhagen and Aarhus and by the Danish Data Protection Agency.
Participants filled in a detailed 192-item food-frequency questionnaire, which they received by mail prior to a visit to one of the two study clinics. A description of the development and validation of the questionnaire was published previously Tjonneland et al., 1991) . The participants were asked to report their average intake over the preceding year of 192 different food items within 12 possible categories ranging from never to eight times or more per day. A section on the intake of dietary supplements included open-ended questions on brands and doses, and categorical questions on frequency of intake, how many months during the last year and whether the women had taken the supplement in question within the last month. Information on the contents of micronutrients in the different brands of dietary supplement was obtained from producers or distributors of the specific products. For each participant we calculated average daily intakes of specific foods and nutrients by means of the software program Food Calc (Lauritsen, 1998) , using population specific standardized recipes and sex-specific portion sizes.
At the clinic the participants filled in a questionnaire on health status, family history of cancer, social factors, reproductive factors and lifestyle habits (the lifestyle questionnaire). Professional staff members obtained anthropometric measures, including height and weight. The self-administered questionnaires were processed by optical scanning and checked for missing information during the visit so that unclear information in the questionnaires could be clarified with the participant, preferably before she left the study clinic. A few missing values were accepted in the lifestyle questionnaire, but not in the food-frequency questionnaire.
Of the 29 875 women enrolled into the 'Diet, Cancer and Health' cohort, we excluded a total of 326 women who were later reported to the Danish Cancer Registry with a cancer diagnosed before the visit to the study clinic. In addition, eight women were excluded because they did not fill in the lifestyle questionnaire, nine women because they reported a lifetime history of no menstruations and further 37 women due to missing information on use of hormone replacement therapy (HRT). As the present study aimed at evaluating the subgroup of women who were postmenopausal, we further excluded the women who reported at least one menstruation within 12 months prior to entry and no use of HRT, and thus were classified as premenopausal at baseline (n ¼ 4798). The remaining women (n ¼ 24 697) were classified as either 'known postmenopausal' (n ¼ 17 353) or 'probably postmenopausal' (n ¼ 7346). The criteria for being assigned to the 'known postmenopausal' group were oophorectomy, a reported age for menopause or no natural menstruation during the last 12 months.
Folate intake, alcohol and risk of breast cancer A Tjønneland et al Information on vital status and emigration of the 24 697 postmenopausal cohort members was obtained from the Central Population Registry. Follow-up for breast cancer was initiated on the date of clinic visit (baseline) and continued until date of diagnosis of any cancer (except nonmelanoma skin cancer), date of death, date of emigration or 31 December 2000, whichever came first. A total of 54 women (0.2%) emigrated during the study period. Cancers diagnosed during follow-up were identified by linkage to the Danish Cancer Registry, which includes information on all cancer diagnoses in Denmark. Linkage was performed by use of the personal identification number. A total of 434 postmenopausal women were diagnosed with incident breast cancer during follow-up.
Matching of cases and controls
For information on use of dietary supplements we had to use manual data entry so it was not practically feasible to make use of information on supplements from the entire cohort. Therefore, we applied a paired case-control design nested within the cohort. For each of the cases, a control was selected at random among those in the entire cohort who were cancer-free at the exact age at diagnosis of the case, stratified on certainty of postmenopausal status (known/ probably postmenopausal), use of HRT at baseline (current/ past/never), and age at baseline (half-year intervals). Some of the analyses were adjusted for a set of risk factors for breast cancer (reproductive history, history of benign breast disease surgery, school education, duration of HRT, smoking habits, intake of vitamin C, and body mass index (weight (kg) divided by height (m) squared)). For nine cases and 37 controls, the information on one or more of these risk factors was missing; therefore, 46 pairs had to be excluded, leaving 388 cases and 388 controls for analysis.
Statistical methods
Due to the sampling design with perfect match on age at cancer diagnosis, we used conditional logistic regression analyses to estimate the breast cancer incidence rate ratios (IRRs) corresponding to a proportional hazard model with age as the time axis (Prentice and Breslow, 1978) . Women who consumed more folate may have greater intakes of other vitamins, including vitamin C (Jiang et al., 2003) . It has previously been shown in this cohort that a high risk was associated with an increased intake of vitamin C (Nissen et al., 2003) . The intakes of vitamin C and folate were correlated in the present data (Spearman's correlation coefficient ¼ 0.598) and we therefore used a stepwise approach. Firstly, crude estimates only including the intake of folate from diet and supplements (yes/no to supplements, linear intake of supplements), mutually adjusted, were calculated. Then the IRRs were adjusted for vitamin C. When folate intake and vitamin C was mutually adjusted, a pronounced effect of vitamin C was still seen. Finally, we adjusted for other potential risk factors, such as total energy (continuous), parity (entered as two variables, the categorical variable parous/nulliparous and the quantitative variable number of births), age at first birth, previous benign breast tumour surgery (yes/no), length of school education (low, medium, high), duration of HRT and BMI. We investigated possible interactions between total alcohol intake and total folate intake by testing whether the slopes differed significantly, by estimating separate slopes for total alcohol intake in the four categories of total folate intake. This model we compared with a model estimating a single, common slope for total alcohol intake by using the likelihood ratio test. This means that we in the model included the main effect of total folate, indicator variables for the four categories of folate and the four variables representing the alcohol intake in the four folate groups.
Two-sided 95% confidence intervals for the IRR were calculated based on Wald s test of the regression parameter, that is, on the log IRR scale. The procedure PHREG in SAS, release 6.12; SAS Institute, Inc., Cary, North Carolina on Unix platform was used for statistical analyses.
All quantitative variables were considered as continuous variables in the model, because this is biologically more reasonable than the step functions corresponding to categorization and furthermore increases the power of the analyses (Greenland, 1995a) . The linearity of the associations was evaluated graphically by linear splines with three boundaries placed at the quartile cut points according to the exposure distribution among the controls (Greenland, 1995b) . None of the other associations showed signs of inflection or threshold values as well; therefore, all quantitative variables were entered linearly in the model.
Results
Baseline characteristics of breast cancer cases and controls in the present study nested within the 'Diet, Cancer and Health' cohort are presented in Table 1 .
Compared to controls, cases had longer school education, had fewer children, and had reported a benign breast disease surgery more frequently. Total folate intake was slightly higher (358 mg) among cases, compared to intake among controls (348 mg). Total alcohol intake was also slightly higher among cases than among controls. Table 2 displays the relationship between average daily intake of folate and the breast cancer incidence rate. Results are presented both as categorized data and per difference of 100 mg in daily folate intake. The IRR for dietary and supplemental intake of folate were mutually adjusted. For total folate intake the unadjusted results showed a weak positive association with breast cancer risk, IRR ¼ 1.15 (95% CI: 1.01-1.32) for the linear variable, but after adjustment for vitamin C no association could be shown, IRR ¼ 1.02 (95% CI: 0.86-1.21), and further adjustment for known risk factors for breast cancer did not change this result significantly, although a weak inverse association was indicated, IRR ¼ 0.88 (95% CI: 0.71-1.10) in the linear analysis.
When investigating the association between total folate intake and breast cancer using the categorical versions of the continuous variable and defining women with an intake of 300 mg or less/day as the reference, the IRR were very similar for the higher three categories of total folate, suggesting a threshold effect of total folate on the development of breast cancer (Table 2) .
We examined the association between alcohol intake and breast cancer risk by level of total folate intake, because previous studies have found that adequate folate intake may diminish the effect of alcohol intake (Table 3) . Earlier studies among women in this cohort have shown that total alcohol intake is associated with a 10% higher risk of breast cancer per 10 g per day higher average daily alcohol intake . We evaluated the linearity of alcohol in each folate group, and no significant departure from linearity was found (P ¼ 0.15). For women with a total average daily folate intake below 300 mg, a borderline significant adjusted IRR of 1.19 (95% CI: 0.99-1.42) was found per 10 g per day higher average daily alcohol intake, while for women with a folate intake of 301-350 mg/day the IRR was lower (IRR ¼ 1.09; (95% CI: 0.82-1.46)) and statistically insignificant. For women with a folate intake higher than 350 mg, the observed association between the alcohol intake and the breast cancer incidence rate was further weakened. The interaction was not significant (P ¼ 0.55).
Excluding the adjustment for vitamin C gave only small changes in the IRRs and did not change the overall pattern (Table 3) .
Discussion
In this case-control study, nested within a prospective cohort of Danish postmenopausal women, a previously established relation between alcohol intake and risk of breast cancer seemed to be present mainly among women with low intake of folate.
Our study has several strengths. Follow-up was ascertained through the Danish National Cancer Registry, with complete population coverage, so bias due to loss to follow-up is not an issue in this study. Since all information on reported alcohol intake as well as folate intake was obtained at recruitment; differential recall is unlikely. For folate, we had information on both dietary intake and intake from food supplements. Most multivitamins in Denmark contain 200 mg of folic acid, but we had information on contents in the different brands of dietary supplements and were thus able to calculate the specific intake from food supplements for each woman. We were able to control for many possible confounding variables, but except from vitamin C, controlling for possible confounders had minor influence on the estimates. Adjustment for vitamin C did not have major influence on the analyses of the possible modifying effect of folate on the association between alcohol and breast cancer. It cannot be completely excluded that other constituents of the diet or multivitamins contribute to the possible weaker association between alcohol intake and breast cancer among the women with high intake of folate.
In this study the average follow-up time was relatively short, with a mean of 4.7 years. The drawback of this short follow-up period is the relatively fewer incident breast cancer cases diagnosed in the follow-up period, but if recent exposures are important, we have the advantage that the dietary and lifestyle behaviour of the subjects are less likely Folate intake, alcohol and risk of breast cancer A Tjønneland et al to have changed substantially from baseline to end of followup. In the study by Zhang et al. (2003) , no major difference in the relative risk of breast cancer was seen according to duration of multivitamin supplement use among users of alcohol. Our results from the risk factor (including vitamin C) adjusted analysis showed no significant effect of total folate intake on the risk of breast cancer among postmenopausal women, although the categorical analysis suggested an increased risk for women with a total folate intake of 300 g/day or less (Table 2) . Most other studies have shown either no association (Thorand et al., 1998; Zhang et al., 1999; Rohan et al., 2000; Feigelson et al., 2003) or a very modest protective association (Graham et al., 1991; Negri et al., 2000; Sellers et al., 2001) .
The number of previous studies reporting on the interaction of alcohol and low folate intake based on reported dietary intake are more limited. Since Zhang et al. (1999) suggested that the excess risk of breast cancer associated with alcohol intake of more than 15 g/day may be reduced by ensuring adequate folate intake, at least four additional prospective studies among postmenopausal women have been reported on the subject (Rohan et al., 2000; Sellers et al., 2001; Feigelson et al., 2003; Baglietto et al., 2005) . Three (Rohan et al., 2000; Sellers et al., 2001; Baglietto et al., 2005) of the four studies (Rohan et al., 2000; Sellers et al., 2001; Feigelson et al., 2003; Baglietto et al., 2005) showed an interaction between alcohol and folate intake. In the study of Sellers et al. (2001) , the highest category of alcohol intake was more than 4 g/day. For women in this alcohol category, a folate intake of less than 172 mg/day gave a RR of 1.59 (95% CI: 1.05-2.41), while women with a folate intake of 173-239 mg/day had a RR of 0.84 (95% CI: 0.59-1.20), both Folate intake, alcohol and risk of breast cancer A Tjønneland et al compared to women with no alcohol intake and a folate intake of 4294 mg/day. These results are further supported by findings in a prospective nested case-control study where higher plasma folate levels were significantly associated with lower risk of breast cancer, among women consuming 15 or more grams per day of alcohol (Zhang et al., 2003) . Our study is the first prospective study based on a European population. Most previous prospective studies have been conducted in North America. In a case-control study from Italy (Negri et al., 2000) , the ORs tended to be below unity in the highest quintile of folate intake compared to the lowest quintile among women with an alcohol consumption of more than 25 g/day (OR ¼ 0.49; 95% CI: 0.32-0.74).
Several studies seem to suggest that alcohol consumption and inadequate dietary intake of folate may act synergistically to deplete serum folate concentrations (Laufer et al., 2004) .
Folate plays an important role in nucleotide synthesis as well as in the biological methylation of molecules such as DNA, RNA, proteins, and the phospholipids. Increased DNA damage without a compensatory increase in DNA repair and alterations in gene expression are generally agreed upon to be major pathways towards cancer (Choi and Mason, 2000) . Giovannucci et al. (1993) hypothesized that alcohol and its primary oxidative metabolite, acetaldehyde, could affect DNA methylation and potentially carcinogenesis through reduced methionine synthesis, and that these effects might be enhanced under conditions of low dietary folate intake.
In conclusion, it appears that folate intake may act as an effect modifier in relation to other risk factors. In addition, only a modest reduction in folate status appears to be necessary for the enhancement of carcinogenesis in association with alcohol intake, even in the range conventionally accepted as normal (Young-In, 1999) .
The findings in our study support the evidence that adequate folate intake may attenuate the risk of breast cancer associated with high alcohol intake. Additional observational studies are needed to explore this finding and the possible causal mechanisms.
